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Abstract 

Zr0 2 -based resistive switching memory has attracted much attention according to its possible application in the 
next-generation nonvolatile memory. The Al/Zr0 2 /Pt resistive switching memory with bipolar resistive switching 
behavior is revealed in this work. The thickness of the Zr0 2 film is only 20 nm. The device yield improved by the 
non-lattice oxygen existing in the Zr0 2 film deposited at room temperature is firstly proposed. The stable resistive 
switching behavior and the long retention time with a large current ratio are also observed. Furthermore, it is 
demonstrated that the resistive switching mechanism agrees with the formation and rupture of a conductive 
filament in the Zr0 2 film. In addition, the Al/Zr0 2 /Pt resistive switching memory is also possible for application in 
flexible electronic equipment because it can be fully fabricated at room temperature. 
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Introduction 

Lately, a novel memory device, resistive switching mem- 
ory, has been extensively studied due to its great poten- 
tial of low operation voltage, low power consumption, 
high operation speed, nonvolatility, and simple structure 
[1-8]. Particularly, the Zr0 2 -based resistive switching 
memory has attracted more and more attention because 
it is compatible with the conventional CMOS process 
[1,2]. In the previous reports [9-13], the Al/Zr0 2 /Pt 
structural devices presented a unipolar resistive switch- 
ing property that might cause a switching error while 
the unipolar resistive switching was performed. How- 
ever, the Al/Zr0 2 /Pt device with bipolar resistive 
switching is revealed in this work. It is demonstrated 
that the device with bipolar resistive switching is more 
stable and reliable for memory application. In addition, 
the existence of non-lattice oxygen in the Zr0 2 film 
deposited at room temperature (RT) is firstly proposed. 
We infer that the non-lattice oxygen will react with the 
Al atoms to form an A10 y interface layer during the 
deposition of the Al top electrode (TE). The resistive 
switching within the interface layer is expected to be 
more stable and uniform than that within the bulk Zr0 2 
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film, leading to a higher device yield [9]. The Al/Zr0 2 / 
Pt device proposed in this study is also possible for 
application in flexible electronic equipment because it 
can be fully fabricated at RT. 

Experimental details 

As shown in Figure 1, the device that consisted of five 
sets of samples in the form of Al/Zr0 2 /Pt sandwich 
structure was employed in this work. First of all, a 200- 
nm-thick Si0 2 isolation layer was thermally grown on 
five cleaned Si substrates in an oxidation furnace. After 
that, a 20-nm-thick Ti adhesion layer and a 60-nm-thick 
Pt bottom electrode (BE) were continuously deposited 
on the Si0 2 layer by an electron beam evaporator at RT 
without breaking a vacuum. Then, an about 20-nm- 
thick Zr0 2 resistive switching layer was deposited on 
the Pt BE by a radio frequency magnetron sputtering at 
different temperatures, including RT, 150°C, 200°C, 250° 
C, and 300°C. Finally, 300-nm-thick Al TEs with 250- 
(im diameter defined by a shadow mask were deposited 
on the Zr0 2 film at RT by the sputtering to complete 
the Al/Zr0 2 /Pt structural samples. 

The chemical bonding states and the non-lattice oxy- 
gen of the Zr0 2 films were determined by an X-ray 
photoelectron spectroscopy (XPS). The electrical proper- 
ties of the samples were recorded by Keithley 2400 
source meter (Keithley Instruments, Inc., Cleveland, 
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Figure 1 Structure of the Al/Zr0 2 /Pt device. Throughout the 
electrical measurements, bias voltages were applied on the Al TE; 
meanwhile, the Pt BE was grounded. 



OH, USA). Throughout the electrical measurements, 
bias voltages were applied on the Al TE; meanwhile, the 
Pt BE was grounded. All of the measurements were per- 
formed at RT. 

Results and discussion 

Figure 2 depicts the resistive switching /- V curves typi- 
cally for the Al/Zr0 2 /Pt samples where the Zr0 2 films 
were deposited at various temperatures. The bipolar 
resistive switching indicates that the memory states of 
the device are altered by applying bias voltages with dif- 
ferent polarities (curves 1 and 2). On the other hand, 
the unipolar resistive switching means that the memory 
states are switched by applying bias voltages with the 
same polarity (curves 1 and 3). As shown in Figure 2, 
the memory states of the device can be switched from a 
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Figure 2 Typical resistive switching l-V curves of the Al/Zr0 2 /Pt 
device. Under the bipolar resistive switching mode (curves 1 and 2) 
and the unipolar resistive switching mode (curves 1 and 3). 



high resistance state (HRS) to a low resistance state 
(LRS) by applying a positive bias voltage, which is called 
set process. Besides, the memory states can be altered 
back to the HRS by applying a positive or negative bias, 
called reset process. The reset process is independent of 
voltage polarity. A current compliance (CC) is set at 10 
mA during the set process to prevent degradation of the 
device, but no CC is used during the reset process. The 
set and reset processes, i.e., the resistive switching, can 
be stably repeated for a lot of times, and the memory 
states between the LRS and HRS are distinguishable. 

Figure 3 shows the yield of the samples where the 
Zr0 2 films were deposited at various temperatures. The 
yield is defined as a percentage of samples which pos- 
sess the resistive switching behavior. As shown in Figure 
3, the Al/Zr0 2 /Pt samples where the Zr0 2 film was 
deposited at RT show the highest yield. In addition, the 
device yields are decreasing with the increased deposi- 
tion temperatures of the Zr0 2 films, the property which 
can be explained by the XPS results as shown in Figure 
4. 

Figure 4a exhibits the Zr 3d XPS spectra of the Zr0 2 
films deposited at various temperatures. The peaks of Zr 
3d 3/2 and Zr 3d 5/2 are near 184 and 182 eV, respectively, 
the energy which indicates the Zr0 2 bonding [14,15]. In 
addition, no metallic Zr peak (178.9 eV) is found [16], 
and the result shows that the Zr0 2 films deposited at 
various temperatures are fully oxidized. Figure 4b shows 
the O Is XPS spectra of the Zr0 2 films. The Zr0 2 films 
deposited at various temperatures exhibit lattice oxygen 
signals at about 529.8 eV, which indicates the Zr-O 
bonding [14]. Besides, non-lattice oxygen signals at 
531.0 eV decrease with the increased deposition 
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Figure 3 Yields of the Al/Zr0 2 /Pt samples deposited at various 
temperatures. Where the Zr0 2 films were deposited at RT, 150°C, 
200°C, 250°C, and 300°C. The samples fabricated at RT show the 
highest yield. 
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Figure 4 XPS spectra of the Zr0 2 films deposited at various 
temperatures, (a) Zr 3d and (b) 0 1s XPS spectra of the Zr0 2 films 
deposited at RT, 150°C, 200°C, 250°C, and 300°C. The Zr0 2 film 
deposited at RT possesses the highest content of the non-lattice 
oxygen. 



temperatures of the Zr0 2 films. Therefore, the Zr0 2 
film deposited at RT possesses the highest content of 
the non-lattice oxygen, where the Zr0 2 film plays a role 
of oxygen storage room. During the sputtering of the Al 
TEs, we infer that the non-lattice oxygen in the Zr0 2 
film will react with the Al atoms to form an A10 y inter- 
face layer. The resistive switching within the interface 
layer is expected to be more stable and uniform than 
that within the bulk Zr0 2 film, leading to a higher 
device yield. Lin et al. also demonstrated that the resis- 
tive switching near the Ti/Zr0 2 interface layer with suf- 
ficient oxygen ions possesses stable resistive switching 
behavior [12]. Because the yield of the Al/Zr0 2 /Pt 
device fabricated at RT is higher than that of the other 
samples, more detailed investigations focused on this 
device are shown as follows. 



Figure 5a, b depicts the resistive switching cycles of 
the samples fabricated at RT under the bipolar and uni- 
polar resistive switching modes, respectively. The resis- 
tive switching can be stably repeated for over 100 times 
under both resistive switching modes. Figure 6a, b is the 
cumulative probabilities of the set and reset voltages 
under the bipolar and unipolar modes depicted in Fig- 
ures 5a, b, respectively. The set and reset voltages under 
the bipolar mode are distinguishable; however, the vol- 
tages under the unipolar mode show a little overlap as 
shown in the shaded region of Figure 6b. Figure 6c 
shows the cumulative probabilities of the HRS currents 
measured at 0.1 V and the LRS currents measured at 
-0.1 V under the bipolar mode depicted in Figure 5a. 
During 150 resistive switching cycles, the LRS currents 
firmly hold on about several milliampere, and the HRS 
currents keep very low. Two memory states are distin- 
guishable under the bipolar resistive switching. 

Figure 7 shows the retention time of the sample fabri- 
cated at RT under the bipolar resistive switching mode. 
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Figure 5 Resistive switching cycles of the samples fabricated at 

RT. Under the (a) bipolar and (b) unipolar modes. The resistive 
switching can be stably repeated for over 100 times under both 
resistive switching modes. 
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Figure 6 Cumulative probabilities of the set and reset voltages 

and the LRS and HRS currents. Cumulative probabilities of the set 
and reset voltages of the sample fabricated at RT under the (a) 
bipolar and (b) unipolar modes. The set and reset voltages under 
the bipolar mode are distinguishable, (c) Cumulative probabilities of 
the HRS currents measured at 0.1 V and the LRS currents measured 
at -0.1 V under the bipolar mode. Two memory states are 
distinguishable. 



The LRS and HRS currents measured at ± 0.1 V firmly 
hold on about 6 mA and 2 x IO 8 A, respectively, for 
over 10 6 s without applying any power supply. The cur- 
rent ratio between the two memory states is over 10 5 
times. Consequently, the good nonvolatility of the sam- 
ple is demonstrated. 

Figure 8 shows device-to-device uniformities of ten 
samples fabricated at RT under the bipolar resistive 
switching mode. The set and reset voltages under the 
bipolar mode are distinguishable. The LRS currents 
measured at -0.1 V and the HRS currents measured at 
0.1 V are also distinguishable. 

Based on the resistive switching I-V curves shown in 
Figure 2 and the XPS spectra depicted in Figure 4, a 
possible resistive switching mechanism of the Zr0 2 - 
based resistive switching memory fabricated at RT is 
proposed. As shown in Figure 9, we infer that the A10 y 
interface layer with some oxygen vacancies will be 
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Figure 7 Retention time of the sample fabricated at RT LRS 

and HRS currents measured at ± 0.1 V firmly hold on about 6 mA 
and 2 x 10" 8 A, respectively, for over 10 6 s without applying any 
power supply, so the good nonvolatility of the sample is 
demonstrated. 



formed during the sputtering of the Al TE. While a 
positive bias voltage is applied on the Al TE, the oxygen 
vacancies with positive charges will migrate through the 
Zr0 2 film to connect the Pt BE, the connection which 
causes the formation of conductive filament (CF) [17]. 
On the other hand, the reset process can be achieved by 
applying a positive or negative bias voltage, i.e., regard- 
less of voltage polarity, so we suppose that the reset 
process happens due to thermal oxidation of the oxygen 
vacancies in the CF near the A10 y /Zr0 2 interface by 
accumulated local Joule heating, causing the rupture of 
the CF [18,19]. However, migration of charged ions 
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Including the set and reset voltages and the LRS and HRS currents 
measured at ± 0.1 V. 



Lin et al. Nanoscale Research Letters 2012, 7:187 
http://www.nanoscalereslett.eom/content/7/1 /1 87 



Page 5 of 6 



Al 






CF^ 


Zr0 2 

h 


Pt 







Figure 9 Possible resistive switching mechanism of the Al/ 
Zr0 2 /Pt device. The set and reset are due to the formation and 
rupture of the CF in the Zr0 2 film. 



leading to the rupture of the CF can be excluded in this 
study because the reset process is independent of vol- 
tage polarity. In addition, the LRS current of the Al/ 
Zr0 2 /Pt device is dominated by Ohmic conduction, 
which corresponds to the CF conduction model as 
shown in Figure 9. Furthermore, the HRS current of the 
device follows Frenkel-Poole emission at high electric 
fields, the result which corresponds to the bulk leakage 
current in the Zr0 2 film. 

Conclusions 

The Al/Zr0 2 /Pt resistive switching memory was suc- 
cessfully fabricated at RT. The thickness of the Zr0 2 
film proposed in this work is only 20 nm. The device 
yield improved by the non-lattice oxygen in the Zr0 2 
film is demonstrated. The memory states of the device 
can be set from the HRS to the LRS by applying a posi- 
tive bias voltage, leading to the migration of oxygen 
vacancies in the Zr0 2 film to connect the Pt BE, the 
connection which causes the formation of the CF. In 
addition, the memory state can be reset back to the 
HRS by applying a bias voltage regardless of its polarity, 
so we suppose that the reset process happens due to 
thermal oxidation of the oxygen vacancies in the CF by 
accumulated local Joule heating, causing the rupture of 
the CF. The nonvolatility of the device is also demon- 
strated. The Al/Zr0 2 /Pt resistive switching memory is 
also possible for application in flexible electronic equip- 
ment because it can be fully fabricated at RT. 

Abbreviations 

BE: bottom electrode; CC: current compliance; CF: conductive filament; HRS: 
high resistance state; LRS: low resistance state; RT: room temperature; TE: top 
electrode; XPS: X-ray photoelectron spectroscopy. 
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